Phthalocyanines in combination with C60 are benchmark materials for organic solar cells. Here we have studied the morphology and electronic properties of co-deposited mixtures (blends) of these materials forming a bulk heterojunction as a function of the concentration of the two constituents. For a concentration of 1:1 of CuPc:C60 a phase separation into about 100 nm size domains is observed, which results in electronic properties similar to layered systems. For low C60 concentrations (10:1 CuPc:C60) the morphology, as indicated by Low-Energy Electron Microscopy (LEEM) images, suggests a growth mode characterized by (amorphous) domains of CuPC, whereby the domain boundaries are decorated with C60. Despite of these markedly different growth modes, the electronic properties of the heterojunction films are essentially unchanged.
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I. INTRODUCTION
Organic electronics offer the promise of easily producible, low cost mechanically flexible electronics for mass production applications. Among these are logic circuits, organic light emitters, and photovoltaics. While there has been considerable commercial success with respect to low speed logic circuits [1] [2] [3] [4] and organic LED's, [5] [6] [7] organic photovoltaics are still somewhat elusive because of generally low efficiencies and less durability. [8] Important progress in the design of organic solar cells covering both new functional materials as well as theoretical developments has been recently achieved by employing x-ray spectroscopy as a fundamental characterization tool for organic materials. [9, 10] C. W. Tang [11] was the first to produce an organic solar cell based upon a bilayer system consisting of two adjacent layers of organic compounds with different electronic functionality. The function of one layer, which incidentally was Cu-Phthalocyanine (CuPC), was to serve as light absorber, while the second one, a perylene derivative served as electron acceptor. At that time this cell surpassed by far any other organic PV cell in terms of light conversion efficiency (1%) and performance (fill factor). In terms of functionality the interface between these two layers resembles the p-n-junction which in a conventional semiconductor is established by doping. In detail however the explanation for the superior performance is a bit more complex. Light absorption mostly generates excitons in the PC and the interface provides an efficient pathway for dissociation of the excitons into separate electronic charges. Thus recombination losses are suppressed and the open circuit voltage is largely determined by the electronic properties of the interface and not by the contact layers.
A substantial new development was the discovery of Sariciftci and Heeger [12] that adding C 60 to an organic conductor improves the photoconductivity by orders of magnitude. The model proposed was that C 60 , because of it's high electron affinity, [13] is very efficient in exciton dissociation, separating the charges initially created in the photoabsorption process and thus preventing recombination. Obviously, if this improves the photoconductivity it should have similar consequences for the efficiency of organics in photovoltaic applications.
This model was substantiated by photoemission studies of the band alignment in thin film systems consisting of C 60 and various phthalocyanines. [14] [15] [16] These studies established that the alignment of the topmost occupied bands of C 60 films and various phthalocyanine layers in contact is indeed such, that the excitonic or polaronic state created by photoabsorption in the chromophore (PC) is higher in energy than a state, where the electron is transferred into the LUMO of C 60 and the hole remains at the PC. Since then there were many studies characterizing the electronic properties of layered systems of C 60 and organic molecular films, especially PC's, under various processing conditions published in the literature. The current state of knowledge about these systems and their role in organic photovoltaic devices has been summarized recently. [17, 18] In these layered systems or so called planar heterojunctions the performance optimization limits the layer thickness to the exciton diffusion length, which is on the order of 10 nm. For an efficient light absorption however a film thickness of about an order of magnitude larger (100 nm) is desired. Consequently the attention has been transferred to mixed blends of organic molecules and C 60 for such devices. For a review of the design criteria we refer to the paper of Heremans et al., [19] while the general status of the development of organic photovoltaics has been reviewed by Leo and coworkers. [8] From previous experiments it was found that a well mixed phase separated blend exhibits the best device performance. [20] arXiv:1401.1967v1 [cond-mat.mtrl-sci] 9 Jan 2014
This means that small crystalline domains, especially of C 60 , well embedded into a PC matrix is the preferred configuration for bulk heterojunction solar cell applications. The individual regions/domains should be sufficiently small to enable efficient exciton diffusion and separation, while the crystallinity improves the charge carrier mobility, at least for the electrons within the C 60 crystallite. However from these studies a very puzzling question remains and that is why the performance varies only very little over quite large changes in concentration of C 60 in the blends. Especially the exciton dissociation remains almost unchanged as a function of the C 60 concentration. [20] While there have been Grazing Incidence XRay Absorption Spectroscopy (GIXAS) and Atomic force microscopy (AFM) measurements correlated with the device performance under different preparation conditions, [20] we present here an electron spectroscopy investigation of the electronic properties of CuPC:C 60 blends in connection with their morphology. There have been observations that the morphology changes by annealing, deposition temperature, or substrate conditions, [20, 21] we here show that solely a change in the relative composition ratio of the blend, even while keeping the sample at room temperature, will result in a different morphology of the bulk heterojunction. Despite of this change in morphology, the electronic properties are quite similar. The electronic properties are probed by photoemission, while the morphology is studied by Low-Electron Enery Microscopy (LEEM), which results in an image of the local electronic properties with a spatial resolution better than 5 nm.
II. EXPERIMENTAL
We have chosen a Si(100) 2x1 reconstructed wafer as substrate in order to have well characterized reproducible substrate conditions, where the electronic properties are well established and the surface morphology is characterized by the 2x1 surface reconstruction resulting in stripes of typically > 100 nm width with atomically sharp interfaces in two orthogonal orientations (a typical image is shown in Fig. 1 ). The fullerene and phthlalocyanine films were grown on such substrates by in situ (co)evaporation of C 60 and CuPC from two spatially separated effusion cells to obtain a 7 nm thick film of pristine substances and 14 nm of diluted species, respectively. The growth at room temperature was monitored by a quartz crystal microbalance to ensure homogeneous and continuous films over the 5x5 mm 2 Si(100) wafer. The samples were prepared in the preparation chamber (base pressure of < 2 x 10 −8 mbar) connected to the analysis chamber of the iDEEAA apparatus (base pressure of < 5 x 10 −10 mbar). [22] Photoelectron spectra were recorded with the SCI-ENTA R4000 hemispherical electron spectrometer in the iDEEAA end station. [22] The instrument was in- stalled at Berlin's newest synchrotron radiation facility: Metrology Light Source (MLS), located in the WillyWien-Laboratorium of the Physikalisch-Technische Bundesanstalt (PTB). [23] Whereas the BESSY II electron storage ring is a multi-user site, the MLS can operate under various, stable ring conditions, attuned to userspecified individual measurement tasks. For this work, the iDEEAA end station was installed at the Insertion Device Beamline (IDB) whereby a 30.5 period undulator of 125 mm length (U125) serves as insertion device. The monochromator combines normal incidence (NI) with grazing incidence (GI) geometries and allows for monochromatic radiation from approximately 1.5 eV to 10 eV in the NI mode and 10 eV to 280 eV in the GI mode. The flux is about of 10 12 photons/s at a 100 mA ring current and the resolving power is better than 700 (GI mode) and 2000 (NI mode). The spot size on the sample is about 1.7 mm horizontal and 0.1 mm vertical. At a pass energy of 20 eV the electron spectrometer was operated at an energy resolution of 15 meV.
The sample morphology was investigated using a commercial Low-Electron Energy Microscope (LEEM)/Photoelectron Emission Microscope (PEEM) instrument (SPECS FE-LEEM P90) by following the same sample preparation procedure as for the photoelectron spectroscopy measurements. The effusion cells were mounted inside the load-lock chamber of the LEEM/PEEM instrument and fresh samples were prepared at same conditions as in the photoemission experiment. In our LEEM/PEEM instrument, a cold field emission gun, situated at the top end emits an electron beam with an energy of 15 keV and about 250 meV bandwidth. [24] The sample illumination is controlled by a combination of a magnetic gun lens and a condenser lens, which also focuses the electron beam towards the entrance plane of a magnetic prism array. Situated at the center of the instrument, the magnetic prism array spatially separates the condenser column from the projector column. It also deflects the electron beam by 90
• from the gun into the objective lens system towards the sample. Following the reflection from the sample, the beam is re-accelerated to 15 keV and re-enters the objective lens. On a crystalline sample, the low energy electrons undergo diffraction and a low energy electron diffraction (LEED) pattern is formed in the backfocal plane of the objective lens, which also forms a real-space image of the sample. In the PEEM modus, the sample is illuminated with UV photons from a mercury-vapor lamp, generating photoelectrons. They are accelerated into the objective lens, forming again a real-space image. The photoelectrons are emitted with a certain angular distribution that can be observed in the objective lens backfocal plane. An energy filter is added to the instrument in the form of a single scanning aperture slit to the objective transfer optics that can be used to obtain energy filtered images, energy filtered photoelectron momentum distributions, as well as full energy resolved E-k data. [25] The objective transfer lens refocuses the LEED pattern in the entrance plane of the magnetic prism array. A further magnified real-space image is formed on the diagonal plane of the magnetic prism array. The electron beam is then deflected downwards to the projector lens column by the prism array at 90
• angle. A contrast aperture is used to select the diffracted beam for image formation. Both bright field and dark field imaging conditions are therefore possible. The sample image and the diffraction pattern are inspected onto an image-viewing screen situated after a multichannel plate (MCP).
III. RESULTS AND DISCUSSION
The morphology of the films was investigated by using LEEM. To demonstrate the power of this technology for characterizing our thin films, we imaged in LEEM mode the surface of the Si(100) crystal, prior to the deposition of the organic films. This is shown in Fig. 1 , where the images exhibit the domain pattern of the (2x1) reconstruction of this surface with atomically sharp boundaries. From these images, a spatial resolution of better than 5 nm can be derived.
The LEEM images of the different blends of CuPC:C 60 after deposition onto these reconstructed Si surfaces are shown in Figs. 2 and 3 . First of all, the substrate reconstruction is not visible anymore. However the blends exhibit distinct differences in the morphology. For the 1:1 mixed film, shown in Fig. 2 , a phase separation into domains of several tens of nm size is observed. Interestingly, for mixed films of 1:1 composition a phase separation into domains of amorphous CuPC and crystalline C 60 has been observed previously using GIXAS. [20] For significantly smaller admixtures of C 60 , no crystalline C 60 domains were found. [20] This is perfectly consistent with our real space images shown here for both compositions. The images of the low C 60 content blend (10:1 CuPC:C 60 ) are shown in Fig. 3 indicating a quite different morphology. Here the image is characterized by many bright spots connected by some faint lines. Considering that the contrast in these images is derived from electron scattering, these images are suggestive of the formation of a network of conductive pathways within the film. While this seems speculative at present, it is consistent with a growth mode of CuPC in domains while the domain boundaries are decorated by C 60 . This conveniently also explains the relatively unchanged performance concerning exciton separation in mixed films of low C 60 content. Regions of C 60 are accessible within the exciton diffusion length, even for low concentration blends. The higher electron mobility in the crystalline C 60 regions of the phase separated system only has a marginal influence on device performance. [20] The growth of pure CuPC on various cleaned Si surfaces has also been studied by X-ray scattering. [21] Here typically 10 nm size domains of nanocrystalline CuPC, standing edge on tilted in various orientations on the surface, were found, separated by small amorphous regions. This growth mode is also suggestive of the fact, that for the low concentration C 60 blend, the C 60 preferentially is found in the regions between the nanocrystalline CuPC.
How is this remarkable difference in morphology reflected in the electronic properties? This question is addressed in the photoemission spectra shown subsequently. Fig. 4 shows photoemission spectra of nominally 7 nm (for the pure) and 14 nm (for the mixtures) thick films taken at three different photon energies. For each photon energy the spectra are shown for the pure CuPC, a 10:1 CuPC:C 60 film, a 1:1 CuPc:C 60 film and a pure C 60 film. The energy scale is referenced to the Fermi level of the substrate. The film thickness was chosen such that the substrate does not visibly contribute to the spectra. We checked for sample charging by varying the incident photon flux density by more than an order of magnitude and for sample deterioration by taking these spectra repeatedly. No charging and/or deterioration of the samples were detected.
From these spectra it is obvious that the level alignment changes from the pure films to the mixtures/blends. This is very clearly visible when observing the highest energy feature, which is assigned as the emission of the HOMO of CuPc. The position of the C 60 derived emission is not as easily derived especially for the low concentration (10:1) blends.
Accordingly we have resorted to a different procedure for analyzing these spectra. We have taken the spectra of the mixed films at various photon energies and fitted these using the spectra of the pure compounds allowing for an energy shift and intensity variation. The result of this four parameter fit, two intensities and two shifts, is shown in Fig. 5 as red lines for three different photon energies (40, 80, and 125 eV). The agreement between the results for the mixed films and the modelled spectra is almost perfect for all photon energies. Only for the 1:1 blend there seems to be a small deviation around a binding energy of 3 eV, which is quite sensitive to the assumed mixing ratio. The CuPC shifts in the 1:1 mixture are slightly larger (-360±35 meV) than in the 10:1 blend (-240±60 meV), while the shifts in the C 60 component are slightly smaller for the 1:1 blend (150±50 meV) compared to 260±100 meV for the 10:1 blend. It is difficult to judge, whether this difference is significant, since the uncertainty for the contribution of the C 60 spectral features to the overall spectrum of the 10:1 blend is quite large. It is remarkable however that the relative alignment of the two constituents of this bulk heterojunction remains identical at about 500 meV shift measured relative to the electronic states of the separate systems. This important result shows that the energetics of the exciton dissociation process are identical, independent of the mixing ratio.
An additional important feature is, that there is no significant broadening of the spectral contributions observed. This indicates the lack of direct hybridization of the orbitals, which is also consistent with earlier observations. [18, 26] In general, the HOMO and the total spectrum of the CuPC shifts to lower binding energies in the blends, while C 60 shifts to higher binding energies. This is comparable to the observations made for thin films of CuPC and C 60 in a layer by layer deposition. [26] For layered systems this is attributed to an interface dipole, [27] [28] [29] which amounts to 0.5 eV for the CuPC:C 60 system independent of the sequence of deposition. We also find a total value of 0.5 eV for the interface dipole, for both mixing ratios. Since this interface dipole is formed already at monolayer coverage, such an interface dipole formation may well be applicable to amorphous or nanocrystalline CuPC domains covered at the interfaces with C 60 . [28] That's why both heterojunctions exhibit an analogous electronic behavior, independent of the C 60 concentration. This also solves the puzzle that the exciton dissociation does not vary significantly with the ratio of the admixture of C 60 to the films. [20] IV. CONCLUSION We have studied mixtures (blends) of CuPC and C 60 as model systems for bulk heterojunction organic materials used in photovoltaic applications. For a 1:1 mixing ratio a spontaneous phase separation into domains of tens of nm in size is observed which has similar electronic properties as a layered system. An electronic interface dipole of about 0.5 eV is observed to be established between the two phases, which facilitates exciton dissociation into separated charge carriers. Similar electronic behavior is also observed for low admixtures of C 60 . The LEEM images of these films are suggestive of a network of (electron) conductive pathways to be formed, attributed here to C 60 decorating the boundaries of the amorphous or microcrystalline CuPC grains in the film. This explains the puzzling question why there is only a small difference in performance in photovoltaic applications for heterojunctions over very wide ranges of C 60 content.
